Abstract. 2014 In this work a strict comparison of the results obtained on InGaAs/GaAs heterostructures by HRXRD and RBS-channeling analysis shows a discrepancy in the In atomic fraction determined by the two techniques. The discrepancy leads to a difference in the reference lattice parameter of the relaxed film and, therefore, changes the description of the strain relaxation rate. After a discussion on the possible reasons for this discrepancy, the results have been interpreted as the influence of the atomic degrees of freedom internal to the lattice unit cell which could determinate the equilibrium shape of the unit cell. While it has been not strictly proved, the most reasonable hypothesis to explain the experimental results is that local ordering leads to a relaxed unit cell which is slightly tetragonal. 
Introduction
In the last few years the investigation of the strain relaxation mechanisms in epitaxial heterostructures has led to the understanding of their possible applications [1] [2] [3] [4] [5] [6] . In particular, the structural and opto-electronic characteristic modifications of pseudobinary non isovalent semiconductor compounds by means of the atomic bond strain condition have been described in theoretical works [7] [8] [9] [10] [11] [12] [13] . Moreover, strain can induce atomic displacements internal to the lattice unit cell that organize themselves in an ordered structure with long [14] [15] [16] or short [17] coherency length. Nevertheless, the experimental investigations of the influence of these internal degrees of freedom on the strain release processes are at the beginning. The aim of this work is to point out their role in the relaxation of InxGal-xAs single layer heterostructures MBE grown on GaAs substrates. In fact, in a previous work [18] on low (8-15%) In [19] and tetragonal distortion measurements [20] .
The compositional depth profile of the samples can be measured from the relative height of the RBS signal corresponding to the different elements. In order to avoid any channeling effect that can affect the yield of the spectrum, during the acquisition the sample was tilted 5° from [001] axis and azimuthally rotated. Taking in account the symmetry of the crystal, the sample was rotated of 45 ° in step of 0.5 ° , beginning from the (110) planar channeling condition until the (100) plane was reached. At each angular step the same amount of charge was collected and the final spectrum thus resulted in an average of each angular position.
In our data reduction the experimental spectrum is simulated by a computer code through the use of a trial concentration profile until agreement with the experimental spectrum, within the statistics, is reached. An example of the results of this measurement and analysis procedure is shown in Figure 1 , where the experimental and the computer simulated spectra of one of the samples are shown. With this procedure any systematic error is nearly completely compensated as discussed in reference [21] . The control on the beam charge allows us to accumulate a signal yield sufficient to decrease the relative statistic error below 1 %. The resulting precision of the x determination results to be good and of the order of 0.3 at%.
X-ray measurements were performed at MASPEC on a high resolution X ray diffractometer using the symmetric 004 and the asymmetric 335 reflections. In order to obtain the parallel and perpendicular lattice mismatches, the measurements were performed both in the grazing incidence and the grazing emergence geometry. For each geometry four independent measurements were repeated after successive 90° rotations around the surface normal.
To avoid the effect of the small (0.5°) deviation of the physical surface from the nominal (001) crystallographic plane and of the layer lattice tilt with respect to the substrate caused by the dislocation network at the interface, the average values of the angular separation between the layer and substrate Bragg peaks after 180° rotation were taken. In this way two independent In Figure 3 the HRXRD measurements of ai, ail, and the determinations ofaxRBs and 03B1xHRXRD are reported as a function of the normalized relaxed misfit. The atomic fraction difference is reflected by Vegard's law in the difference between aXRBS and 03B1xHRXRD. Taking in account that the RBS analysis gives compositional measurements independent of the strain, we assume aXRBS as the correct lattice parameter of the unstrained InxGa1-xAs alloy structure. It appears that ai relaxes towards A.,RBS faster than ail. This result implies that the ratio between si and Cil are not constant all the misfit relaxation range long and, therefore, that equation (2) cannot be applied to the determination off. The error bar is comparable with the dimension of the symbols.
As it has been discussed in reference [21] the main source of error in the RBS analysis may come from the stopping power values used in the computer simulation of the spectra. We used the Ziegler's [24] compilation which is believed to be the most complete and accurate tabulation available so far. The maximum estimated uncertainty is below 10%. Even though such an error were present, it would have a really negligible effect on the composition analysis because the same stopping power is used to analyze both the In signal and the GaAs signal of the epilayer. Moreover, the spectra of the end-point compounds have been perfectly simulated by using the appropriate stopping power and the Rutherford cross section.
As for X-ray diffraction, the used procedure is the best possible one and world-wide accepted.
Moreover, it must be underlined that the ratio a~/a~ derived from HRXRD perfectly fits the values deduced from high precision channeling measurements [20, 25] . After having excluded systematic errors of the experimental techniques we would like to address to the validity of the Vegard's law [26] . It has been deduced in the frame of the Virtual Crystal Approximation [27] (VCA) by means of X-ray diffraction experiments performed on completely relaxed alloy semiconductor samples. In particular, in the case of InxGa1-xAs, despite the large misfit ( f =7.16%) between aInAs and aGaAs and on the contrary to the case of SiGe alloys [28] , no deviation from the linear behaviour foreseen by Vegard's law has been measured [29] . In VCA model all the atoms are located on ideal lattices sites of the unit cell neglecting any possible difference of In-As and Ga-As length bond. As a consequence, Vegard's law gives the composition dependence of the atomic volume and is the right one to use in any description of the material that does not consider the internal structure of the unit cell and therefore, in our case, for the determination of the In atomic fraction.
Nevertheless, going to the internal description the alloy unit cell, EXAFS experiments have actually demonstrated [30] [31] [32] [33] [34] in different pseudobinary alloys of III-V and II-VI compounds that the distances between the different kind of anion-cation couples is not the same. In fact, the bond lengths are kept nearly equal to that of the end-point compounds, almost independently of the alloy composition, and only the angles between bonds change [35] .
In reference [18] the validity of the elastic isotropic continuum approximation (Eq. (2)) has been already addressed to. Before entering this point we would like to stress that in reference [18] the discrepancy has been found as in the present samples, even though the growth and strain relaxation mechanisms are completely different. In fact, in the present case the high In concentration leads, initially, to a 3D growth mode with the formation of a high density of threading dislocations connected by short segments of misfit dislocations distributed over the epilayer-substrate interface. On the contrary, in our previous work the In concentration was lower than 15 % and 2D growth mode leads to the formation of a misfit dislocation network at the interface.
All the other hypothesis having been excluded, we are left with the elastic continuum approximation which, as shown in Figure 3 , seems to be no longer valid. This fact suggests to consider the internal structure of the unit cell. Mbaye et al. [36] showed that ternary semiconductors alloys, AxB1-xC, with precise value of x (0.25, 0.5, 0.75) may crystallize in ordered structures where the different elements organize themselves in crystal sublattices. The same authors show that the misfit can be accommodated not only by the tetragonal distortion of the unit cell but very effectively by means of reciprocal movements of the monoelemental sublattices. Moreover, some theoretical works state that the equilibrium condition of these ordered structures does not necessarily correspond to the absence of tetragonal distortion [37] .
Long range order can be revealed and investigated by X-ray diffraction, as it was shown for InGaP/GaAs layers [38, 39] . The ordered structure in the cationic sublattice behaves as a natural GaAs/InAs superlattice on {111} planes, making allowed the 1/2 1/2 n/2 reflections, where n is an integer. However, in the present sample no order has been observed, as demonstrated by the complete absence of 1/2 1/2 5/2 reflections. Moreover, the RBS-HRXRD discrepancy sets in when strain relaxation begin to be effective. Nevertheless, the deformation mechanisms of the ordered structures should keep an effectiveness in disordered ternary alloys too [36] . In fact, the disordered alloy can be seen as the superposition of ordered clusters weighted according to the local composition and atomic arrangement. Mbaye et al. suggest the existence of an "epitaxial selection between different structures", driven by the strain, that should compel the atomic arrangement of the structure to choose the most efficient local order to minimize the enthalpy of the system. Then the result of Figure 3 and of reference [18] can tentatively interpreted as follows. Before ' an important fraction of the initial misfit has been relaxed, the atomic internal degrees of freedom are frozen by the high stress of the epitaxial constrain that can be accommodated only by a tetragonal distortion of the unit cell; on the contrary, when a large part of the initial misfit has been relaxed, the structure approaches its equilibrium state with a substantial contribute of the internal atomic freedom degrees bringing the relaxed unit cell to an average tetragonal form. Moreover, the higher In concentration of the SLH described in this work with respect to the SLHs of reference [18] can explain the greater effectiveness of the internal degrees of freedom that should be greater the higher is the number of different bonds in the alloy (i.e. x = 50%). From an experimental point of view, a study with techniques probing the order of the atomic stereo correlation with a medium-short coherency length is necessary to deeper investigate the proposed interpretation. However the described results, if confirmed, represent the first evidence of the effectiveness of the internal atomic freedom degrees in strain relaxation.
Conclusions
In this work a strict comparison of the results obtained on InGaAs/GaAs heterostructures by HRXRD and RBS-channeling analysis shows a discrepancy in the In atomic fraction determined by the two techniques. The discrepancy leads to a difference in the reference lattice parameter of the relaxed film and, therefore, changes the description of the strain relaxation rate. After a discussion on the possible reasons for this discrepancy, the results have been interpreted as the influence of the atomic degrees of freedom internal to the lattice unit cell which could determinate the equilibrium shape of the unit cell. While it has been not strictly proved, the most reasonable hypothesis to explain the experimental results is that local ordering leads to a relaxed unit cell which is slightly tetragonal. This fact is important for two reasons: i) it can affect appreciably the strain relaxation rate; ii) the composition of ternary alloys as determined by HRXRD can be in error of as much as 2 at%.
